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Edited by Barry HalliwellAbstract The relationship between the rate of superoxide pro-
duction by complex I and NAD(P)H redox state was investi-
gated in rat skeletal muscle mitochondria. A high rate of
superoxide production was observed during succinate oxidation;
the rate during pyruvate oxidation was over fourfold lower.
However, the NAD(P)H pool was signiﬁcantly less reduced dur-
ing succinate oxidation than during pyruvate oxidation. We con-
clude that there is no unique relationship between superoxide
production by complex I and the reduction state of the
NAD(P)H pool. Our data suggest that less than 10% of the
superoxide originates from the ﬂavin site during reverse electron
transport from succinate.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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species1. Introduction
NADH-ubiquinone oxidoreductase (complex I) is an impor-
tant proton-pumping enzyme of the mitochondrial electron
transport chain which can also convert molecular oxygen to
the superoxide anion radical [1]. The discovery of superoxide
dismutase (SOD), a naturally occurring enzyme that catalyses
the dismutation of superoxide to hydrogen peroxide demon-
strated the relevance of superoxide in vivo [2]. This relevance
was conﬁrmed by the demonstration that mice null for the
mitochondrial form of SOD (MnSOD or SOD2) exhibit severe
pathologies and have a markedly curtailed lifespan [3]. In addi-
tion, several pathologies are associated with defects in complex
I and elevated production of superoxide [4]. It is, therefore, of
great importance to understand the sites, mechanisms and reg-
ulation of superoxide production by complex I.
Complex I contains a number of redox centres that are
potentially capable of producing superoxide. However, as yet
there is no consensus view on the site or sites of production
of superoxide by complex I under physiological conditions
(such as in vivo or in intact cells) or conditions that approachAbbreviations: SOD, superoxide dismutase; FCCP, carbonylcyanide-p-
triﬂuoromethoxyphenylhydrazone; ROS, reactive oxygen species
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the isolated enzyme, the fully reduced ﬂavin, FMNH has
been identiﬁed as the most likely electron donor to oxygen
to produce superoxide [1]. Whether the reduced ﬂavin remains
the major site of production in a membrane-bound, proton-
pumping complex I is an unresolved, yet pressing question.
There is additional evidence that the ﬂavin produces superox-
ide [5], but other sites such as the iron–sulfur centres and the
quinone site have been suggested also [6–10]. In intact mito-
chondria, the situation is complicated by the ability of complex
I to undergo reverse electron transport, which results in very
high rates of superoxide production compared to the rate ob-
served during forward electron transport [11].
In this study, we investigated whether the ﬂavin is the main
site of superoxide production in intact mitochondria during re-
verse electron transport. We based our experiments on the
observation that in isolated complex I, the rate of superoxide
production from the ﬂavin at ﬁxed [NADH + NAD+] is depen-
dent on the NADH/NAD+ ratio, with the reaction being
strongly inhibited by NAD+ [1]. A high NADH/NAD+ ratio
results in a highly reduced ﬂavin (FMNH) which leads to a
high rate of superoxide production. Therefore, if superoxide
originates exclusively from the ﬂavin under all conditions,
there should be a unique relationship between NADH redox
state and superoxide production. Our data demonstrate that
there is not a unique relationship: under conditions where
superoxide production is high (during reverse electron trans-
port), the NADH/NAD+ ratio is signiﬁcantly lower than under
conditions where superoxide production is low (during for-
ward electron transport). By inference, superoxide is not orig-
inating from the ﬂavin during reverse electron transport in our
system.2. Materials and methods
Mitochondria (with an average respiratory control ratio of 2.0 ± 0.2
on succinate) from skeletal muscle of female Wistar rats (aged between
5 and 8 weeks) were isolated as described [12]. Superoxide production
rate was assessed indirectly by measurement of hydrogen peroxide gen-
eration rate, determined ﬂuorometrically by measurement of oxidation
of amplex red to ﬂuorescent resoruﬁn. Mitochondria were incubated at
0.35 mg mitochondrial protein ml1 in buﬀer containing 120 mM
potassium chloride, 3 mM HEPES, 1 mM EGTA and 0.3% BSA (w/
v) (pH 7.2 and 37 C). All incubations also contained 50 lM amplex
red, 4 U ml1 horseradish peroxidase, 30 U ml1 SOD and 1 lg ml1
oligomycin. The reaction was initiated by addition of respiratory sub-
strates (either 5 mM succinate or 2.5 mM pyruvate + 2.5 mM malate)
and the increase in ﬂuorescence at an excitation of 563 nm and an
emission of 587 nm was monitored. Standard curves were generated
using known amounts of hydrogen peroxide, these standard curvesblished by Elsevier B.V. All rights reserved.
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superoxide production by more direct methods (aconitase inhibition
and dihydroethidine ﬂuorescence) and found qualitatively similar ﬁnd-
ings to the amplex red assay (data not shown).
NAD(P)H ﬂuorescence was determined at excitation and emission
wavelengths of 365 and 450 nm, respectively [13]. Incubation condi-
tions were identical to those used for hydrogen peroxide measurement.
We measured changes in ﬂuorescence in this study to track changes in
NADH, but we refer to what we measured as NAD(P)H. This is be-
cause NADH and NADPH exhibit the same ﬂuorescent spectra and
like other studies that measured the NAD(P)H reduction state in mito-
chondria, we assumed that the changes in ﬂuorescence we measured
were reporting changes in NADH as opposed to changes in NADPH.
As discussed previously, this is a reasonable assumption to make [14],
but at this stage we cannot completely rule out the possibility that
there are complex factors that inﬂuence the ﬂuorescence of the NADH
and NADPH pools that may aﬀect interpretation of our results.
Calculations of matrix pH and values of DpH were based on data
from [8].3. Results
We ﬁrst compared hydrogen peroxide production and
NAD(P)H ﬂuorescence during succinate oxidation to
NADH-linked oxidation induced with pyruvate and malateFig. 1. Rates of hydrogen peroxide production and levels of NAD(P)H ﬂuore
of resoruﬁn and NAD(P)H ﬂuorescence over time, respectively. Dashed lin
pyruvate + malate + 2 lM rotenone added at t = 35 s. Rates of hydrogen per
and 150 s in conjunction with a standard curve. The average readings be
ﬂuorescence. Fully oxidised NAD(P)H was determined in the presence of 2
shown). The experiments in A and B were repeated and the means ± S.E. are
(n = 4 separate mitochondrial preparations).in the presence of complex I inhibitor rotenone (Fig. 1). As
previously reported by this laboratory and others [8,15–17],
the rate of hydrogen peroxide production was substantially
greater during succinate oxidation than during NADH-linked
oxidation (Fig. 1A and C). It is generally understood that the
high rate observed with succinate originates as superoxide pro-
duction from complex I during reverse electron transport,
since about 95% of the signal can be abolished by rotenone.
Under identical conditions, the levels of NAD(P)H ﬂuores-
cence were signiﬁcantly lower during succinate oxidation than
during NADH-linked oxidation (Fig. 1B and D).
To test whether the results obtained with rotenone were spe-
ciﬁc to that inhibitor, we examined other conditions during
NADH-linked oxidation. In the presence of complex I inhibi-
tor piericidin, the rate of hydrogen peroxide production
(Fig. 2, point ‘‘c’’) was signiﬁcantly lower than the rate ob-
served during succinate oxidation (Fig. 2, point ‘‘b’’). The rate
of hydrogen peroxide production with the complex III centre
o inhibitor stigmatellin (Fig. 2, point ‘‘d’’) was also signiﬁ-
cantly lower than the rate seen with succinate. The lowest rate
of hydrogen peroxide production was seen in the absence of
any inhibitor (Fig. 2, point ‘‘e’’). In all three cases, the levels
of NAD(P)H ﬂuorescence were higher than the levels observedscence in rat skeletal muscle mitochondria. Panels A and B show traces
es, no additions; solid lines, succinate added at t = 35 s; dotted lines,
oxide production were calculated from slopes of the traces between 100
tween 100 and 150 s were used to calculate the level of NAD(P)H
lM carbonylcyanide-p-triﬂuoromethoxyphenylhydrazone (FCCP) (not
shown in panels C and D. *Signiﬁcant (p < 0.05) diﬀerence vs. succinate
Fig. 2. Rates of hydrogen peroxide production and levels of
NAD(P)H ﬂuorescence. Mitochondria were incubated as described
in Materials and Methods and the rates of hydrogen peroxide
production and NAD(P)H ﬂuorescence levels were calculated as
described in Fig. 1 legend. Point a, pyruvate + malate + 2 lM rotenone
(NAD(P)H = 100%); point b, succinate; point c, pyru-
vate + malate + 1 lM piericidin; point d, pyruvate + malate + 80 nM
stigmatellin; point e, pyruvate + malate. Each point is the mean ± S.E.
of n = 4 separate mitochondrial preparations.
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Fig. 1, these results show no evidence for a single, unique rela-
tionship between superoxide production rate from complex I
and the level of NAD(P)H ﬂuorescence during both forward
and reverse electron transport. However, we can assume that
there is a unique relationship between superoxide production
from the ﬂavin and NAD(P)H reduction level during forward
electron transport speciﬁcally [1]. By drawing a curve through
zero and points a, c, d and e, we estimate (by dropping a ver-
tical line from point ‘‘b’’ to that curve) that the rate of super-
oxide generation from the ﬂavin during reverse electron
transport at 90% reduction of NAD(P)H is about 0.2/2.3, or
<10% of the total rate.
During succinate oxidation, the electron transport chain
pumps protons from the mitochondrial matrix to the inter-
membrane space resulting in alkalinisation of the matrix and
generation of an electrochemical proton gradient. Under ourFig. 3. Eﬀect of mitochondrial matrix pH on hydrogen peroxide production r
described in Section 2, except that the pH of the buﬀer was varied between
succinate; open symbols, pyruvate + malate + 1 lM piericidin. Panel A shows
vs. NAD(P)H ﬂuorescence level. *Signiﬁcant (p < 0.05) diﬀerence vs. succinaconditions the chemical component of the gradient, DpH, is
about 0.5 pH units [8]. Therefore, when the pH of the buﬀer
is 7.2 the pH of the mitochondrial matrix is approximately
7.7. In the presence of NADH-linked substrates and inhibitors
however, there is no proton pumping and the matrix pH is
equal to the external pH which is determined by the buﬀering
system. Therefore, we tested the eﬀects of matrix pH on hydro-
gen peroxide production rate and NAD(P)H ﬂuorescent levels
to see if the diﬀerences between succinate and NADH-linked
oxidation could be explained by diﬀerences in matrix pH.
For experiments with succinate, buﬀers with pH 6.5, 7 and
7.5 were used to give matrix pH values of about 7, 7.5 and
8, respectively (based on data in [8]). For experiments with
NADH-linked oxidation, buﬀers with pH of 7, 7.5 and 8 were
used. The results are displayed in Fig. 3, with the data for pH
7.2 and 7.7 included. Panels A and B indicate that changes in
matrix pH do not have any signiﬁcant eﬀects on hydrogen per-
oxide production rate or NAD(P)H ﬂuorescence. Importantly,
the diﬀerences in hydrogen peroxide production rate between
succinate and NADH-linked oxidation were signiﬁcant at all
values of matrix pH. In terms of NAD(P)H ﬂuorescence, the
diﬀerences were signiﬁcant at 2 out of the 3 values of matrix
pH. Therefore, changes in matrix pH are not responsible for
the observed diﬀerences in superoxide production rates and
NAD(P)H levels between forward and reverse electron trans-
port.4. Discussion
As yet, there is no clear demonstration of the site, or sites, of
superoxide production by mitochondrial complex I under
physiological conditions. There is strong evidence that in the
isolated enzyme (which is distinct from a membrane-bound,
proton-pumping enzyme subject to protonmotive force and
other regulators), the site is the fully reduced ﬂavin, FMNH,
and that the rate depends on the NADH/NAD+ ratio [1]. At
low concentrations, NADH and NAD+ are in equilibrium
with the ﬂavin site. At the higher concentrations of NADH +
NAD+ in the mitochondrial matrix, inhibition by NAD+ may
prevent equilibrium, but even so, at ﬁxed total NAD+ +ate and NAD(P)H ﬂuorescence levels. Mitochondria were incubated as
6.5 and 8. Values of DpH were based on data in [8]. Closed symbols,
matrix pH vs. hydrogen peroxide production rate, B shows matrix pH
te at the same pH (n = 3 separate mitochondrial preparations).
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production rate. If superoxide originates at the ﬂavin under all
conditions, then a single, unique relationship should exist be-
tween the NADH/NAD+ ratio and the superoxide production
rate. Such relationships have been reported for complex I in in-
tact mitochondria, but for forward electron transport only
[18,19]; in these experiments the superoxide is most likely com-
ing from the ﬂavin. However we report here a condition that is
clearly an exception: reverse electron transport where superox-
ide production rate is very high compared to forward electron
transport, yet the NADH/NAD+ ratio is relatively low. There-
fore, there is not a unique relationship between the NADH/
NAD+ ratio and superoxide production rate, and this implies
that most superoxide does not originate at the ﬂavin site dur-
ing reverse electron transport. Our estimate from Fig. 2 is that
less than 10% of it does.
It is well established that the rate of superoxide production
during succinate oxidation is much greater than the rate during
oxidation of succinate in the presence of rotenone [11]. There-
fore, the superoxide production rate from sites other than
complex I (such as complex III) is low compared to the rate
originating from complex I during reverse electron transport.
We conclude that any small contribution from complex III
(or any other sites) to the overall rate of superoxide production
is negligible and does not alter the conclusion of our study.
Our data are supported by previous work that measured
NAD(P)H and superoxide production, although the aims of
those studies were diﬀerent from ours. Hansford et al. reported
a rate of hydrogen peroxide production from heart mitochon-
dria oxidising glutamate, malate and rotenone (where the
NAD(P)H pool is fully reduced) of 0.22 ± 0.03 nmol/min/mg
[15]. During succinate oxidation the rate was higher
(0.63 ± 0.12 nmol/min/mg), yet the NAD(P)H pool was 22%
less reduced. Qualitatively similar ﬁndings were demonstrated
for heart mitochondria by Kushnareva et al. [7]. Therefore,
our ﬁndings are not speciﬁc to our system, and are likely to ap-
ply to mitochondria from diﬀerent tissues under a variety of
diﬀerent conditions (such as buﬀer composition).
Other isolated mitochondrial enzymes, such as pyruvate
dehydrogenase and a-ketoglutarate dehydrogenase, have been
demonstrated to produce reactive oxygen species (ROS) [20].
Like the ﬂavin site of complex I, ROS production from these
enzymes also depends on the NADH/NAD+ ratio, with
NAD+ being inhibitory. In general, we can conclude that the
site of superoxide production in intact mitochondria during
succinate oxidation is unlikely to be any of the dehydrogenases
upstream of the electron transport chain, since we show in our
system that the rate of ROS production is dissociated from the
NADH/NAD+ ratio.
In summary, we demonstrate that there is not a unique rela-
tionship between superoxide production rate from complex I
and the NAD(P)H reduction state, suggesting that the ﬂavin
is not the main site of superoxide production during reverse
electron transport. The iron–sulfur centres of complex I (ex-
cept for centre N1a) are also in equilibrium with the NADH/
NAD+ ratio [21], thus these sites are not likely to be producing
superoxide during succinate oxidation. The most likely site is,
therefore, the quinone binding site.Acknowledgements: A.J.L. is supported by a Research into Ageing Fel-
lowship, M.D.B. is supported by the Medical Research Council and
the Wellcome Trust (066750/B/01/Z).References
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